O© 00 N O U1 b W N =

W W W W N DN N DN DN DN DN DN NN R R R R R = R
W N =B O O 0NN U W N RO VW 0O NNy U e, O

Post-print of: Guirao-Rico, S.. et al. “Porcine Y-chromosome variation is consistent with the
occurrence of paternal gene flow from non-Asian to Asian population” in Heredity (Ed. Nature
Publ.), vol. 120 (2018) p. 63-76. The final versioén is available at DOI 10.1038/
s41437-017-0002-9

Porcine Y-chromosome variation is consistent with the occurrence of paternal

gene flow from non-Asian to Asian populations

Authors: Sara Guirao-Rico', Oscar Ramirez*®, Ana Ojedaz’*, Marcel Amills'? &

Sebastian E. Ramos-Onsins

Address:
'Plant and Animal Genomics Program, Center for Research in Agricultural Genomics
(CRAG) CSIC-IRTA-UAB-UB, Edifici CRAG, Campus Universitat Autonoma

Barcelona, Bellaterra, Spain.

’Facultat de Veterinaria, Departament de Ciéncia Animal i dels Aliments, Universitat

Autonoma de Barcelona, Bellaterra, Spain.

3Current address: Vetgenomics, Edifici Eureka, Campus Universitat Autonoma

Barcelona, Bellaterra, Spain.

*Deceased.

Corresponding Authors:
Sebastian E. Ramos-Onsins and Marcell Amills
Center for Research in Agricultural Genomics (CRAG) CSIC-IRTA-UAB-UB,
Edifici CRAG, Campus Universitat Autonoma Barcelona
08193 Bellaterra, Spain.
Phone: +34 93 563 6600 Fax: +34 93 563 66 01
Email: sebastian.ramos@cragenomica.es

Email: marcel.amills@uab.cat

Running Title: An ABC analysis of pig Y-chromosome variation

Word count for main text (excluding references, tables and figures): 7485


0001292
Cuadro de texto
Post-print of: Guirao-Rico, S.. et al. “Porcine Y-chromosome variation is consistent with the occurrence of paternal gene flow from non-Asian to Asian population” in Heredity (Ed. Nature Publ.), vol. 120 (2018) p. 63-76. The final versión is available at DOI 10.1038/s41437-017-0002-9



34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Abstract

Pigs (Sus scrofa) originated in Southeast Asia and expanded to Europe and North
Africa approximately 1 MYA. Analyses of porcine Y-chromosome variation have
shown the existence of two main haplogroups that are highly divergent, a result that is
consistent with previous mitochondrial and autosomal data showing that the Asian
and non-Asian pig populations remained geographically isolated until recently.
Paradoxically, one of these Y-chromosome haplogroups is extensively shared by pigs
and wild boars from Asia and Europe, an observation that is difficult to reconcile with
a scenario of prolonged geographic isolation. To shed light on this issue, we
genotyped 33 Y-linked SNPs and one indel in a worldwide sample of pigs and wild
boars and sequenced a total of 9903 nucleotide sites from seven loci distributed along
the Y-chromosome. Notably, the nucleotide diversity per site at the Y-linked loci
(0.0015 in Asian pigs) displayed the same order of magnitude as that described for
autosomal loci (~0.0023), a finding compatible with a process of sustained and
intense isolation. We performed an approximate Bayesian computation analysis
focused on the paternal diversity of wild boars and local pig breeds in which we
compared three demographic models: two isolation models (I models) differing in the
time of isolation and a model of isolation with recent unidirectional migration (IM
model). Our results suggest that the most likely explanation for the extensive sharing
of one Y-chromosome haplogroup between non-Asian and Asian populations is a

recent and unidirectional (non-Asian > Asian) paternal migration event.

Keywords: Approximate Bayesian computation, Sus scrofa, Nucleotide and

Genotype diversity, Population Genetics, Demography, missing data
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Introduction

Sus scrofa emerged as a new species in the tropical forests of Southeast Asia
during the Pliocene, 3-4 MYA (Frantz et al. 2016). Genomic analyses have
demonstrated that there was an extensive and asymmetric hybridization of Sus scrofa
with other suid species (e.g., Sus verrucosus), an event that was facilitated by the
existence of land bridges connecting the islands of Borneo, Java, and Sumatra during
the glacial periods of the Plio-Pleistocene (Frantz et al. 2016). For a period of
approximately 1-2 MYA, S. scrofa migrated westward, colonizing Eurasia and North
Africa and replacing local Sus species (e.g., Sus strozzi and Sus minor in Europe),
which became extinct. This large-scale dispersal of Sus scrofa left a durable genetic
footprint in the form of much higher variation in Asian than in European wild and
domestic porcine populations (Li ef al. 2004; Larson et al. 2005; Ramirez et al. 2009).
Approximately 10,000 YBP, pigs were independently domesticated in the Near East,
China (Larson et al. 2005), and possibly other locations.

European and Asian wild boar and pig populations show strong genetic
divergence that can be observed when comparing variation of their mitochondrial
(Giuffra et al. 2000) and nuclear (Groenen et al. 2012, Frantz et al. 2015) genes.
Comparative genomic studies have shown that specimens from these two pools (i.e.,
European and Asian wild boars) diverge, in terms of minimum allele frequencies or
alternative allele fixation, at millions of polymorphic sites (Groenen 2016). This
feature suggests that these two gene pools remained isolated for 0.8-1 MYA after the
initial dispersal of S. scrofa across Eurasia. This inexistent or limited gene flow
increased substantially when Chinese sows were massively imported into the United
Kingdom two centuries ago, an historical event that resulted in European pigs
exhibiting Asian mitochondrial (29% frequency) and autosomal (35%) haplotypes at
considerable frequencies.

A puzzling observation that is difficult to reconcile with the scenario of
prolonged geographic isolation depicted above has come from analyses of Y-
chromosome diversity. Ramirez et al. (2009) identified two main Y-chromosome
haplogroups whose presence has been confirmed in subsequent studies (Cliffe et al.
2010). In stark contrast to the autosomal and mitochondrial data (Giuffra et al. 2000,
Groenen et al. 2012), one of these haplogroups is extensively shared by European and

Asian wild boars and pigs. Conversely, the second highly divergent haplogroup is
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exclusively restricted to Asia. Similarly, analyses of a 48 Mb low-recombining region
on the X-chromosome have shown that Northern Chinese haplotypes are more closely
related to the European than the Southern Chinese ones (Ai ef al. 2014, Groenen
2016). In this work, we aimed to compare, through an ABC approach, different
demographic models that may explain the paradoxical patterns of Y-chromosome
variation observed in wild and domestic pigs from Asia and Europe. To achieve this
objective, we partially resequenced seven Y-linked genes and typed their variation in

a worldwide sample of 236 Sus scrofa specimens.

Materials and Methods

Sequencing and genotyping of seven Y-chromosome-linked genes

A representative sample of 236 pigs (Sus scrofa) with a worldwide distribution was
used to characterize the variability of the Y chromosome (Table S1). The names,
origins and breeds of the genotyped and sequenced samples (including outgroups) are

shown in Table S2.

For the sequencing experiment, we used 51 Sus scrofa individuals plus two outgroups.
PCR primers from Ramirez et al. (2009) and several newly designed primers were
used to amplify fragments of seven genes on the Y chromosome: SRY, AMELY,
USP9Y, DBY, DDX3Y, UTY and EIFS3Y (Figure 1). Table S3 shows the primers
used for amplification. PCR amplification and sequencing conditions followed the
amplification and sequencing procedures described by Ramirez et al. (2009) and
Ojeda et al. (2011), respectively. The amplified products were sequenced using the
BigDye Terminator version 3.1 Ready Reaction Cycle Sequencing Kit in an ABI
PRISM 3730 (Applied Biosystems). The analysis of the sequences was performed
with SeqScape version 2.5 software (Applied Biosystems) using standard filters, and
the sequences were manually edited and verified. The sequenced regions for each

locus and their functional annotations are shown in Table S4.

Genomic DNA samples from 236 Sus scrofa individuals and two outgroup specimens
were  submitted to the National Center of Genotyping (CeGen,

http://www.usc.es/cegen) to be genotyped for 33 SNPs and one indel using a SNPlex
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assay. The 22 SNPs and one indel located in the loci regions sequenced in this study
are listed in Table S5. The remaining 11 SNPs that mapped to the Y-chromosome
(CAHMO0000165, CAHMO0000167, CAHMO0000169, CAHMO0000170,
CAHMO0000171, CAHMO0000172, CAHM0000173, CAHM0000180, CAHMO0000185,
CAHMO0000187 and CAHMO0000192) were obtained from the Porcine SNP60K
BeadChip (Ramos ef al. 2009).

Diversity analyses

Estimates of the number of haplotypes, heterozygosity (z, Tajima 1983) and
population differentiation (Fsz, Weir & Cockerham 1984; Hudson, Slatkin and
Maddison 1992) were obtained with mstatspop (available from the authors,
http://bioinformatics.cragenomica.es/numgenomics/people/sebas/software/software.ht
ml). A haplotype network was calculated by means of the median-joining algorithm
implemented in the Network 4.5 program (Bandelt ef al. 1999). Sus scrofa individuals
were classified into ten different groups according to their geographical distribution
and breed type. Two outgroup species (Sus celebensis and Sus cebifrons) were also
included. The identification code for each individual and associated information about

geographical location and breed type are presented in Table S2.

An analysis of nucleotide variation was performed by considering a 9,903-bp-long
fragment composed of seven concatenated Y-chromosome loci (SRY, AMELY, USPYY,
DBY, DDX3Y, UTY and EIFS3Y), as shown in Figure 1. Statistics based on the
frequency spectrum were used in these analyses because of the lack of complete
information regarding linkage disequilibrium. Site-frequency spectrum statistics for
sites, including missing values, were calculated by considering the number of real
samples per site (Ferretti ef al. 2012). Different estimates of nucleotide variation (6, x;
Watterson 1975; Tajima 1983), neutrality tests (Tajima's D, Fu and Li's D, Fay and
Wu's H; Tajima 1989; Fu and Li 1993; Fay and Wu 2000) and mismatch distribution
statistics (standard deviation of z; Rogers and Harpending 1992) were calculated.
Population differentiation among groups was estimated using Fst coefficients (Weir &
Cockerham 1984; Hudson, Slatkin and Maddison 1992), and their respective P-values

were calculated with a permutation test (Hudson, Boos and Kaplan 1992) based on
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1,000 replicates. Fst analysis was performed separately using genotype and nucleotide
sequence data and taking into account missing data. The numbers of different variant
classes within and among groups, i.e., exclusive, shared, fixed, and other variant
classes (Ramos-Onsins et al. 2004) were calculated. We used Babyrousa babyrussa as
an outgroup to calculate the number of fixed variants. Note also that there are
positions with missing values. This means that the number of variants do not
correspond to Watterson’s theta estimation using a fixed sample size, since the

number of samples per position is variable.

We estimated the confidence intervals (CI) for the ratio of Y-chromosome to
Autosomal (Y/A) variability considering i) all wild boars together, ii) Asian wild
boars and iii) Non-Asian wild boars. Estimates were obtained performing a bootstrap
analysis by randomly sampling (with replacement) the same number of nucleotide
positions as in the empirical Y-chromosome data (Figure S1). Then, we estimated the
pair-wise nucleotide diversity (Tajima 1983) of this bootstrap data matrix and the
nucleotide divergence (Nei 1987) using Babyrousa babyrussa as an outgroup. This
was performed 10,000 times for each of the three main groups of wild boars described
above. The obtained estimates of Y-chromosome variation were divided by the
autosomal estimate previously obtained (Ojeda et al. 2011; Bosse et al. 2012). As this
latter estimate was obtained using genome-wide data, it is considered here as
fixed value. We obtained the distributions and the confidence intervals for the
ratio Y/A for the three groups. Difference in the ratio of Y/A for the Asian and
non-Asian wild boars were tested using the bootstrap distributions of both Y/A
ratios; specifically, we tested if the difference between the Y/A ratio for the Asian

and non-Asian wild boars was significantly different from O.

Approximate Bayesian computation analysis (ABC)

Demographic models

We investigated three alternative demographic scenarios (see Figure 2 for details) that
included two isolation models (I models) (i) model L;ecent, Which is characterized by a
short period of isolation that began less than 0.1-4N, generations ago, and (ii) model

o4, with a longer period of isolation that began more than 0.1-4N, generations ago)
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and a model of isolation with recent unidirectional migration (model IM). Both I
models assume an ancestral population that split 7, generations ago into two
populations, Asian and non-Asian (mostly European), and remained completely
isolated after divergence. Model IM assumes that the Asian and non-Asian
populations have been isolated most of the time since their split and that they recently
experienced asymmetric gene flow (from the non-Asian into the Asian population).
All models are characterized by an exponential change in N, in both Asian and non-
Asian populations since their initial split/divergence. Population size changes were
modeled by assuming that the population size of the ancestral and the non-Asian
populations was a fraction f of the current Asian population. In model IM, we
assumed a fixed starting time of migration of 7, = 1E-03 (Table S6). This is an
arbitrary value in order to reduce the number of parameters in the model. We selected
a value of time, which, below this time and to the present, the probability of having
new mutations was virtually 0 since the haplotypes of the Asian and non-Asian pigs
belonging to the non-Asian haplogroup are highly similar. Note that this parameter is
inversely associated with the migration parameter (as it also happens with the
magnitude and the time of a bottleneck; Fay and Wu 1999), in the sense that larger 7),
values would imply smaller migration rates to produce the same observed variability

pattern.

Prior distributions

The ranges of prior distributions (Table S6) were set according to realistic
demographic parameters and to the history of wild boars, which considers what is
already known from previous studies based on analyses of the autosomal genome
(Groenen et al. 2012). We sampled parameter values from a log-uniform distribution
because the range of our priors covered several orders of magnitude. We estimated
demographic and mutation population parameters, i.e., the Asian population mutation
parameter for the Y chromosome (@ Asia=Nyu, where N, represents the current size
of the Asian population and u is the mutation rate), the population size of the non-
Asian population relative to the Asian population (f,.4), the population size of the
ancestral population relative to the Asian population (f4nc), and the time (scaled in N
generations) of the split between the Asian and non-Asian populations (7;) and

between the ancestral population and the outgroup (7,). For model IM, the migration
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parameter was modeled as a strong unidirectional population migration (m) from the

non-Asian to the Asian population (M=Nym).

Simulated data and summary statistics

The ABC analysis was performed using nucleotide sequence data information.
Porcine nucleotide sequences were grouped into Asian pigs with 9 individuals (AWB
= 3 and ALP = 6), non-Asian pigs with 19 individuals (EWB = 2, NEWB = 5,
MEDLP = 7 and AFWB = 5) and one outgroup (Babyrousa babyrussa). For each
demographic scenario, we ran one million simulations with the same sequence length
and sample sizes employed in the analysis of the observed Y-chromosome dataset.
Coalescent simulations were run using the program ms (Hudson 2002). We
summarized the observed and simulated nucleotide variation within and between
populations in a vector of six summary statistics. This vector included the Watterson’s
estimator (Watterson 1975) for the Asian and non-Asian populations, the nucleotide
divergence (Nei 1987) between these two populations, the number of exclusive
polymorphic sites in each population and the number of fixed mutations in the lineage
leading to the outgroup (Wakeley and Hey 1997). We chose these statistics based on
available information about frequency data containing missing positions. Summary
statistics for the observed and simulated data were computed with the programs

mstatspop and mlcoalsim, respectively.

Model choice and validation of posterior probabilities

Posterior probabilities for each demographic scenario were computed on 5,000
retained simulations (from a total of 1 million) displaying the smallest Euclidean
distances from the empirical observations. The post-sampling adjustment step based
on the ABC-GLM method implemented in the ABC toolbox software (Wegmann ef al.
2010) was applied in this analysis. The model choice was based on these estimated
posterior probabilities. Given that ABC approximates the likelihood function, the
impact of this approximation must be carefully evaluated. Hence, we assessed
whether our results were robust to potential deviations. To validate the performance
of our model choice analysis (i.e., the power of our method to distinguish between
models), we generated a vector of summary statistics for 1,000 pseudo-observed
datasets (PODS) for each model that were identical to our observed dataset in terms of

number of positions and sample sizes. Subsequently, we determined the number of
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times that our model choice procedure correctly identified the true model (e.g., how
many times the posterior probability of the true model was higher than the posterior
probability of the wrong model). The confusion matrix summarized the proportion of
correctly and wrongly identified datasets under each model. We also assessed whether
the estimated ABC posterior probabilities under the best model were unbiased (i.e.,
well calibrated) by comparing them with the empirical posterior probabilities
estimated from PODS (Chu et al. 2013). Briefly, we generated 1,000 new PODS
using model IM and the parameters drawn from the posterior distributions obtained
with the ABC analysis. Then, we calculated 1,000 empirical posterior probabilities for
each of the two competing models. These probabilities were sorted and binned in a
list, and the empirical probability was calculated as the proportion of values of the
best model for each bin along the list. We compared the empirical probabilities with
those obtained using the ABC approach. If ABC probabilities are unbiased, we would

expect similar probabilities from the two sources and for each bin.

Validation of parameters

The number of summary statistics is a fundamental aspect affecting the quality of an
ABC analysis because a defect or an excess of such statistics may be associated with a
substantial loss of information or with “curse of dimensionality” problems,
respectively (Beaumont et al. 2002; Wegmann et al. 2010). To confirm that our vector
of summary statistics was sufficient (e.g., the probability of the model given the data
was the same as the probability of the model given the summary statistics), we
evaluated the uniformity of the posterior quantiles for each parameter of the selected
model using a Kolmogorov-Smirnov test, and its significance was calculated by

applying the Bonferroni correction.

Posterior predictive simulations

We performed posterior predictive simulations to determine whether our best model
was capable of reproducing the empirical data with a high probability (Gelman ef al.
2003; Thornton and Andolfatto 2006; Ingvarsson 2008). Specifically, we sampled
parameter values from the probability density functions of the marginal posterior
distributions of the best model (IM) to simulate 1,000 replicates with the same
features of the observed Y-chromosome data (e.g., fragment length and sample sizes).

We then determined whether the observed vector of summary statistics fell within the
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distribution of summary statistics of the vector of simulated data.

Coalescent simulations to study the behavior of the ratio of Y-chromosome to

autosomal (Y/A) variability

We performed extra coalescent simulations using mlcoalsim v2 software (available at

https://bioinformatics.cragenomica.es/numgenomics/people/sebas/

software/software.html) to infer Y/A ratios under different demographic scenarios and
to compare them with the ratios of the observed data. The coalescent algorithm in
mlcoalsim corrects the population size of Y-linked loci to a factor of 0.25 of that of
autosomal loci. Two main demographic scenarios were considered: Subdivision and
Population Decline. For each one, we also considered a scenario in which selection is
operating on Y-linked loci (see below). One million iterations were performed, and
two loci (one Y-linked and one autosomal) and twenty samples per locus were
simulated assuming a lack of recombination. The parameters used for each model
were arbitrary but sufficiently informative to elucidate the behaviour of the Y/A ratio

using different ranges of demographic parameters.

For the Subdivision scenario, we simulated an ancestral population of size N, that
split at time 7 into two descendant populations (populations 1 and 2) of sizes N; and
N>. The model had three parameters, N>, Ny and Ts, because the size of the ancestral
population and population 2 were relative to the size of population 1, which was fixed
at N/=1.0 for convenience. We set a population mutation rate of 6= 0.05. We drew
the parameter values from uniform distributions ranging from 0.1 to 1.0 (for
population 2), from 1.1 to 2.0 (for the ancestral population), and from 0.01 to 3.0 (for
the split time). The size of population 2 and the split time parameters were plotted
whereas the effective size of the ancestral population Ne was considered as a nuisance
parameter. For the Population Decline scenario, we simulated a single ancestral
population of size Ny that changed to a current size Ny at time Tp in the past. We
used a lower level of variability (6= 0.001) than in the previous scenario to simulate a
broad range of decline intensities. Note that coalescent simulation scales parameters
by the current population size and moves backward in time. Parameter values were

sampled from log-uniform and uniform distributions for 7p and N4, and their ranges
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were 0.0001-60 and 1-500, respectively. Time was expressed in 4N units in all cases.
Selection on linked loci was simulated as a reduction in the population size at the Y-
linked loci to emulate the effective reduction in variability caused by the action of
linked selection (positive or negative).

It has been documented that for strong selection the levels of variability are reduced
by a factor of around one order of magnitude (Wilson-Sayres et al. 2014). In this
article, Wilson-Sayres et al. (2014) demonstrate that the low diversity observed in the
human Y-chromosome is not consistent with a purely neutral model, and that
purifying selection, removing harmful mutations, and possibly positive selection have
played key roles in the evolution of Y-chromosome variation by erasing neutral
polymorphisms. Given that selection could reduce drastically the Y/A ratio, we
modeled selection simulating even a strongest effect (22x). Here, we did not intend to
discern the nature of selection acting on the Y-chromosome (background or positive
selection), we are just interested in testing whether such strong selective effect added
to the underlying demographic scenarios could generate patters of variability
compatible with our observed data. Intermediate patterns between no reduction and

22x reduction (e.g., 10x) are expected to be in the middle of these two conditions.

We also modeled LD (using the ZnS statistic, Kelly 1997) and nucleotide variability
(Watterson 1975) to further elucidate the expected patterns of LD and variability
under the IM scenario. This procedure was performed for both 1) the ratio Y/A (i.e.,
Y-linked loci versus autosomal loci) in the Asian population and ii) the ratio
Anossian’Aasia (i.e., non-Asian autosomal versus Asian autosomal loci). We used
arbitrary parameters that were compatible with previously described estimated
parameters for the ABC analysis. The parameter values for these models are detailed

in the Supplementary Information.

Results

The high genetic diversity at Y-linked loci is explained by the existence of two main
haplogroups

Two different haplogroups were observed in the 236 pigs genotyped for 33 single-
nucleotide polymorphisms (SNPs) and 1 indel: the Eurasian haplogroup, which
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includes haplotypes 1 to 6, and the Asian haplogroup, which includes haplotypes 11 to
17. These two haplogroups are highly divergent (Figure 3, Table S7). Whereas the
Asian haplogroup (see Figure 4A) is confined to Asia (with the exception of
Tamworth swine and minipigs), the Eurasian haplogroup is ubiquitous and can be
found in the entire geographic area under study. Tamworth pigs (included in the
ANGLP group) and several African pig samples exhibit the Asian haplogroup, a
feature that might be the consequence of a recent introgression (Ramirez et al. 2009).
The high genetic differentiation between both haplogroups is also reflected in the
network shown in Figure 4, which shows that the two haplogroups are separated by a
long branch. The outgroup (Sus celebensis) and a wild boar sample from Indonesia
are located in the middle of this branch. Interestingly, the outgroup species shows an
intermediate haplotype between the two haplogroups of Sus scrofa (that is, a very
short branch instead of a large branch proportional to the divergence time), possibly
because the variants selected for genotyping were mostly exclusive to pigs.

The population differentiation between the Asian and non-Asian groups is quite high
(F'st values > 0.5) and statistically significant using either nucleotide or genotype data
(Table S8). The pairwise Fst analysis using only genotype data (see below) revealed
that the lowest population differentiation coefficients are those of populations
harboring haplotypes belonging to both haplogroups at relatively high frequencies
(i.e., ANGLP and ALP pigs versus the remaining individuals; Table S9 A-B). Note
that when the Fist analysis is performed comparing each of the 10 groups of pigs
among them, the EWB, MEDL, AWB and NEWB pigs show no differentiation
among them as the ANGLP, INTP, AFP and SCAP do. The rejection of the null
hypothesis of no differentiation mainly depends on the presence/absence of the Asian
and the Non-Asian haplotypes (e.g., in the case of the comparison between MEDLP
and ANGLP, we obtained a significant result because of the MEDLP population
exhibits only the Non-Asian haplotypes whereas the ANGLP population exhibits both
Asian haplotypes and non-Asian haplotypes) and the frequency (high or low) of the
haplotypes 2, 2-3, 3-5 and 2-3-5 in these groups (e.g., EWB compared to SCAP). The
Asian pigs (ALP and AWB) are the most differentiated ones, being the AWB the
most differentiated among the rest of the pigs. Our Fs¢ analysis was performed using
SNP data because the sample size of sequence data was very small and the outcome
of an Fist analysis based on them could lead to a type II error (i.e., lack of power), and

thus, some discrepancies may arise due to a bias in the levels of variation due to the
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sampling process used to find the SNPs (i.e., Ascertainment bias) compared with an
Fst analysis using sequence data. Of note, the presence of domesticated and wild
animals carrying both Y-haplogroups strongly supports the hypothesis that

domestication occurred independently in the Far East and Near East (Figure 4B).

Estimates of nucleotide diversity and test statistics at Y-linked loci

The levels and patterns of silent nucleotide diversity at seven partially resequenced Y-
linked loci are shown in Table 1 (see also the table of polymorphisms in Figure S2).
The level of silent nucleotide variation for each group is quite different, being
generally low for non-Asian (except for African pigs) and quite high for Asian
populations (wild and domesticated). As expected, the co-segregation of haplotypes
belonging to the two highly divergent haplogroups increases the levels of estimated
variability. Asian populations exhibit the highest variability, whereas the International,
Anglosaxon and South and Central American pig breeds are the least variable. The
lack of Y-chromosome nucleotide diversity in the International and Anglosaxon
breeds could be a consequence of the small sample size; however, previous studies
have shown that the autosomal nucleotide diversity of some non-Asian populations is

generally low (Bosse et al. 2012).

If we focus on non-commercial breeds (wild boars plus local pigs, excluding the
ANGLP group, Table 2), the estimated nucleotide diversity at the Y-linked loci of the
entire pig dataset has the same order of magnitude as that estimated for autosomes
(~0.0023, Bosse et al. 2012). Moreover, the estimated divergence (K=0.023, Table 2)
with the outgroup species is also similar at Y-linked and autosomal loci (K=0.020,
Ojeda et al. 2011). This similarity between the levels of variability observed at Y-
chromosome and autosomal loci is surprising because it would be expected that the
lack of recombination on the Y chromosome and its lower effective population size
might result in a drastic reduction in its nucleotide diversity (Karafet 2002; Pool and
Nielsen 2007; Pool and Nielsen 2008). We also observed that the level of silent
nucleotide variation () was quite different between the Asian and non-Asian groups
(Table 2), being low in non-Asian samples (0.29 variants per 1,000 positions between

two random individuals) and quite high in Asian samples (1.58 variants per 1,000
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positions between two random individuals).

The values of the statistics based on the frequency spectrum for non-commercial
breeds of non-Asian population, although not significantly different from neutral
expectations, may indicate an alternative non-stationary model in which the non-
Asian population might have suffered a population decline (positive Tajima’s D and
Fu and Li’s D values but negative Fay and Wu’s H, Table 2). In contrast, the Asian
population might have undergone a strong migration event (positive Tajima’s D, Fu
and Li’s D and Fay and Wu’s H values as well as a strong standard deviation of the
mismatch distribution), as shown in Table 2.

The classification of the variants, depending on whether they are shared (Ssuareq),
exclusive to a group (Sy), fixed (S)) or fixed in one group but polymorphic in the other
(Sk), is shown in Figure 5 (see Ramos-Onsins et al. 2004 for a description of the
statistics). We found that there is no variation within the Asian haplogroup, whereas
there is some diversity within the Eurasian haplogroup (S;ASIA_E + S:DER + Sgiareq
=9). We also found that the fixed differences between haplogroups (defined in Figure
4 and indicated here by gray and black lines) are quite high (S DERXASIA + S
ASIA A = 17). Thus, there is high differentiation among haplogroups (Taumong =
0.0027 at silent positions) and higher variability in the Eurasian haplogroup (7 =
0.00040) compared with the Asian one (7 = 0).

Comparison of demographic models through an ABC approach

It is known that some European and African domesticated breeds have been recently
introgressed with Asian domestic breeds (Giuffra et al. 2000; Megens et al. 2008;
Ramirez et al. 2009; Ai et al. 2013). On the contrary, wild boar populations (and
traditional local breeds) are thought to be mostly unaffected by recent commercial
introgression events (but see Goedbloed et al. 2013). Clearly, the history of the Y
chromosome can be better discerned using wild and local domestic populations. The
differential pattern of geographic distribution of the two haplogroups (two in Asian
and one in non-Asian samples) could be explained by four different alternative
hypotheses: (i) an ancestral population (Asian) that split very recently, creating a new,
relatively small population (non-Asian) that might have inherited only a single

haplogroup as a consequence of its small population size (model Liecent); (i1) @ model
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assuming a relatively long isolation process between both groups (Asian and non-
Asian) but large differences in their effective population sizes (model Iq4); iii) an
isolation process followed by recent gene flow from the non-Asian to the Asian
population (model IM); and iv) an isolation event between the Asian and non-Asian
groups with the additional introgression of individuals from a hidden population (i.e.,
an extinct population or other species) into the Asian population (model IME). We
used an ABC approach to compare the first three models, and the fourth model is
discussed below. We set the range of prior distributions of model parameters to
encompass values that are compatible with biologically realistic data and with what is
already known from autosomal and mitochondrial data. The Irecent isolation model,
which assumes the recent divergence of the non-Asian subpopulation, yielded the best
fit to our Y-chromosome data. However, this scenario becomes quite unrealistic when
autosomal, mitochondrial and Y-linked data are considered (e.g., see estimated model
parameters in Groenen et al. 2012, Ojeda et al. 2011, Giuffra et al. 2000). Figure S3
shows the expected ratio of variability between Y-chromosome and autosomal loci
(Y/A ratio), data obtained by performing coalescent simulations under the
Subdivision and Population Decline models. The expected Y/A ratio under a simple
model (the stationary Standard Neutral Model, SNM) is 0.25 (that is, there are 4 times

more chromosomes in the autosomal population than in the Y one). Instead, we

observed a much higher ratio (Y/A=0.52; 7y=0.0012; 7,~0.0023; Ojeda et al. 2011;

Bosse et al. 2012) even when we normalized by the amount of divergence as a proxy

for the mutation rate wusing B. babyrussa as an outgroup (Y/A=0.46;

y/Ky=0.0012/0.023; 7a/K4~0.0023/0.020; CI 0.31-0.67). The observed Y/A ratio is

not concordant with a recent split, but it is compatible with a moderately ancient split
(approximately 0.6 x 4N generations, Figure S3), which corresponds to approximately
50,000 generations or ~250,000 years (assuming Ne=20,000 and 5 years per
generation, Groenen ef a/ 2012). In addition, when we included a reduction factor
(e.g., 22x) of the levels of Y-chromosome variability as a proxy for the action of
linked selection, we found that the observed values were compatible only with a
model with a very ancient split time, i.e., approximately 0.9 x 4N generations (Figure
S3B), which corresponds to approximately 70,000 generations or ~360,000 years.

The IME and Iiecent models suffer from similar incompatibilities with the empirical

data. The main difference between the Iecenr and IME models is that the high level of
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variation observed in the Asian population originates from different factors: in the
Liecent model, the high level of variation in Asia originates from a large population size,
whereas in the IME model it originates from the introgression of a hidden population
into Asia. The introgression of a hidden population would introduce a divergent
haplotype that would resemble the Y-chromosome variability patterns. Nevertheless,
it is necessary to assume a very low divergence time between the European and Asian
populations to explain the high similarity among the haplotypes belonging to the
Eurasian haplogroup. Moreover, and as argued above, a recent split between these
two populations is incompatible with inference analyses using autosomal and
mitochondrial data performed to date, and it is also incompatible with simulations
using the observed Y/A ratio of variability. Therefore, we discarded the Irecentand the
IME model.

The posterior probabilities of models I,4 and IM and the fraction of the retained
simulations with smaller or equal likelihoods than our observed data (P-value of the
model) are shown in Table S10. The cross-validation analysis using PODS clearly
validates the comparison of both models in the ABC framework. Indeed, the
confusion matrix confirms that the true model was correctly identified by our ABC
model choice procedure in more than 96% of cases (96.1% and 97.8% for models o4
and IM, respectively; Figure S4A). Moreover, the empirical model probabilities
obtained from these PODS are larger than the ABC posterior probabilities; therefore,
the model choice is conservative (Figure S4B). The Y-chromosome data strongly
support the asymmetric migration model (IM) over the I,4 one (PPps > 0.999). In
addition, the high likelihood of the observed data (P-value=0.95) demonstrates that
our data are highly probable under this demographic scenario. Assuming that the
divergence time between S. scrofa and B. babyrussa is at least 10 MYA (Theimer and
Keim 1998; Gongora ef al. 2010) and assuming a generation time of 5 years (Groenen
et al. 2012), the posterior estimates of model parameters would suggest that the split
of the current non-Asian and Asian Y lineages occurred not before than 0.97 MYA
(95% interval of 0.36-2.97 MYA using Ts 95% HPD; Figure 6, Table 3) from an
ancestral population of approximately 28,000 male individuals (using the estimated
mutation rate and the level of variability # for calculating Ne, note that the number of
males is half of Ne). We also estimated an increase in population size in the Asian
lineages (~80,000 male individuals) and a recent introgression of European sequences

into Asia (~0.7% of immigrants per generation). The estimated mutation rate is
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1.15E-9 mutations/bp x year. This is a lower rate than that used for autosomes (2.5E-8
mutations/bp x year, Groenen et al. 2012), which suggests a reduction of the number
of neutral positions in the Y-chromosome by the effect of selection (Wilson Sayres et
al. 2014). Posterior predictive simulations (Figure S5) corroborate model IM as a
plausible demographic scenario for the Y-chromosome data. All the estimated
summary statistics values were frequently obtained when simulations were performed
using the posterior densities of this model as prior distributions, which are generally

not biased (Figure S6).

A consequence of the migration IM scenario would be intense linkage disequilibrium
produced by the segregation of highly differentiated haplotypes. It is expected that the
disequilibrium among positions may decrease in autosomal regions of high
recombination as a function of the time elapsed since the migration event. On the
other hand, the variability of the Asian subpopulation should increase after the
migration event. Interestingly, when we modeled the LD and nucleotide variability,
we observed that the values for variability of the Y/A ratio (~0.44) and the
Anossian/Aasia (~0.18) as well as the LD values of the ratio A,,4sian/Auasia (> 1) were

compatible with a model of recent migration (Figure S7B).

Discussion

As expected, Y-chromosome variability was lower in the European wild and local
domestic lines, which exhibited only one haplogroup, than in the Asian wild boars
and local pig populations (which exhibited two). The high frequency of Asian
mitochondrial haplotypes in commercial European breeds (Fang and Andersson 2006)
combined with the lack of segregation of one of the Y-chromosome haplogroups in
most of these breeds suggests that the introgression with Asian blood during the 18-
19" centuries was exclusively maternal (Ramirez et al. 2009). The low levels of
variability within haplogroups suggest the existence of population structure in the
dataset. In addition, the observed data can be explained using a simple non-
recombining tree (Figure 5), which indicates that the non-Asian samples are only a
subset of the total variability observed in Asia. One possible scenario is that the Asian

samples were, as a matter of fact, geographically divided into two populations. Indeed,
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although some level of population structure has been observed between North and
South Chinese pigs in analyses of X-linked and autosomal data (Ai et al. 2014; Frantz
et al. 2013), none of these populations seems to be closely related to the non-Asian

population.

A puzzling observation made by us and highlighted in previous studies (Ramirez ef al.
2009, Cliffe et al. 2010) is the extensive sharing of one Y-chromosome haplogroup
among Asian and European wild and domestic local pigs. Genetic divergence is very
low and, as shown in Figure 4, Asian and European individuals cluster together
despite having diverged 0.8-1 MYA. This finding contrasts with the reported results
from taurine and zebuine cattle, two subspecies that diverged 250,000 years ago and

that do not share Y-chromosome haplotypes (Pérez-Pardal 2010).

We have discussed four models, model Licent (recent split), model I,q (ancient split),
model IM (migration) and model IME (migration into Asia from a hidden population)
to explain these findings. Notice that henceforth, for model-based inferences, we refer
to Asian and non-Asian populations as those only including wild boars and local
domestic pigs. Models Iiecent and IME are not in agreement with autosomal and
mitochondrial data, which support an ancient split between European and Asian
populations 0.2 and 1.6 MYA (Groenen 2012, Ojeda et al. 2011; Giuffra et al. 2000,
Frantz et al. 2015). However, the IM model is more probable than the 1,4 one, and it
is in agreement with the autosomal and mitochondrial data. The proposed scenario
(Figure 7) assumes that an ancestral population originating in Southeast Asia split into
an Asian and a non-Asian subpopulation and that the latter expanded across the
Eurasian continent. Subsequently, a strong migration event would have caused the
colonization of the Asian population with males from the non-Asian population. If so,
we should observe marked differences in the Y/A ratio between the non-Asian and
Asian populations because an increase in autosomal variability levels in the Asian
population is expected, albeit at a slower rate compared with the Y chromosome. In
consequence, the Y/A ratio should be markedly higher in Asian than in non-Asian
populations. In fact, we observed significantly higher Y/A ratios (zy/Ky)/(ma/K4) in
Asia (0.46; CI 0.31-0.70) than in non-Asian populations (0.23; CI 0.06-0.45)
(Supplementary Figure S1, P-value=0.035). The autosomal variability estimates were

obtained from Bosse et al. (2012; Table 2 and Figure 1A), and the autosomal
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divergence value was obtained from Ojeda et al. (2011). This increased Y/A ratio in
the Asian population is compatible with the IM model of the introduction of the non-
Asian Y-chromosome into the Asian population (Figure S7). Hence, these results
could be explained by the combined effect of the high differentiation between Asia
and non-Asia populations and the sex-biased migration process. Although it has not
been tested explicitly here (since we do not have autosomal data from the same
samples), indirect observations from genome data (i.e., the presence of highly
divergent Y-chromosome haplotypes and the lack of mitochondrial DNA of European
origin in Asian samples) point out to this hypothesis. Indeed, Ramirez et al. (2009)
demonstrated that there is an extensive sharing of one of the two main Y-chromosome
haplogroups by Asian and non-Asian pigs, while according to the results presented by
Larson et al. (2005) and many others, the sharing of mitochondrial haplogroups
between Asian and non-Asian pigs has not been observed (Giuffra ef al. 2000, Larson
et al. Science 2005, Ramirez et al. 2010 Suppl. Table 2). Other demographic events,
such as population decline (Groenen et al. 2012; Li et al. 2013), have been proposed
to explain the evolution of Sus scrofa genetic diversity. Nevertheless, there is no
reason to expect that a strong effect of population reduction affected the Y/A ratio
(Figure S3C). Additionally, selection on the Y chromosome under a population
decline scenario combined with its non-recombinant nature should decrease even
more this ratio, as shown in Figure S3D. The results obtained when we modeled LD
and patterns of variation for Y-linked and autosomal data (Figure S7) by means of
coalescent simulations are also in agreement with the IM demographic model. A
recent study by Frantz et al. (2015), also based on the ABC methodology, reported
that Asian and European populations split from an ancestral population with the same
order of magnitude as their current population sizes. These authors used a method to
model the migration parameter that differed from ours; i.e., migration was defined
along the entire period of isolation and thus is not directly comparable with our
estimate. Note that in our model we cannot estimate the specific magnitude of the
migration parameter, because migration is inversely related to the time since
migration started. In any case, migration is decisive to fit the model to the empirical
data.

Our results are compatible with a differential migration process between males and
females. The introduction of a large number of non-Asian haplotypes into Asian

population can be explained by (i) a massive introduction of male individuals or by
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(i1) a moderate introduction of a number of males followed by a selective process that
increased their frequency in a relative short time. The first hypothesis seems, in our
opinion, less credible. Note that although an isolation with continuous and
bidirectional migration model cannot be completely discarded, the absence of
intermediate haplotypes in both populations, Asian and non-Asian, the presence of
two highly differentiated Y-chromosome haplogroups only in non-Asian population
and the significantly lower levels of variability in non-Asian populations compared
with their Asian counterparts strongly suggest that two populations were isolated for a
long time. Thus, the bidirectional migration model has not been considered in our
analysis since there is no presence of two haplotypes in the non-Asian sampled
population and consequently, the migration parameter from Asia to non-Asia
population will be compatible with a value of zero. Frantz et al. (2015) showed that,
at autosomal loci, a model of bidirectional migration (that is, including non-zero
migration between population pairs) was more likely than a model with no migration.
Nevertheless, none of their proposed models considered unidirectional migration from
non-Asian to Asian wild boars and hence, there is no clear evidence of such
bidirectional migration between these two populations.

In contrast to Y-chromosome data, population structure (i.e., the presence of two main
haplotypes) has not been observed when autosomal data was analysed in Asian wild
boar populations (Frantz et al. 2015). Given that the most probable model in our ABC
analysis was model IM, we hypothesize that the high levels of recombination at
autosomal loci might have produced a large number of shared polymorphisms,
although signs of high divergence between the groups are still detectable. The
presence of a large number of shared polymorphisms at autosomal loci in all of the
sampled individuals implies that the effect of the migration was intense.

Two main different interpretations are compatible with the IM model: 1) a unique and
relatively recent event of migration from non-Asian to Asian population that spread
across all the Asian geographical distribution or ii) a number of independent
introgression events from non-Asian wild population that occurred at many different
locations on the Asian continent, which may have taken place very recently (in the
last three centuries). In the first case, the introduction and maintenance of a reduced
number of non-Asian individuals harboring the non-Asian haplotype (only males
contributed to this introgression event) into the Asian pig population might be favored

by the existence of some kind of natural selection. Also, it is expected that linkage
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disequilibrium at autosomal regions would be relatively reduced given that both
haplogroups could have enough time to recombine. In the second case, an alternative
explanation would be that both, Asian wild boars and domestic pigs have been
introgressed with European germplasm given that we observed some wild boars (e.g.,
three out of the six Japanese wild boars) and some Asian local pigs exhibiting the
Non-Asian haplotypes (Figure S2 and Table S7). We found that the distribution of
Japanese pigs exhibiting the non-Asian and the Asian haplotypes are geographically
structured, with pigs from the Ryukyu Islands exhibiting the Asian haplotype whereas
pigs from the main Island exhibit the Non-Asian haplotype (Figure S8). Although
some studies (Watanobe et al. 1999; Cho et al. 2009) showed that some of these
populations, which are genetically differentiated (e.g., Japanese wild boars from the
main island and the Ryukyu islands belong to two different subspecies of wild boar),
are descendants of distinct geographical populations, all of them were found to belong
to the Asian wild boar cluster when they were analyzed jointly with a worldwide
boars sample. It is worth to mention that all these studies were performed using
mitochondrial DNA and different results might be obtained with other kind of
markers. If Asian pigs were introgressed with European germplasm, one would expect
that, given that some wild boars and domestic pigs exhibit the Non-Asian haplotype,
multiple events of introgression, due to a secondary contact, should have occurred
since pigs harboring the non-Asian haplogroup are distributed in multiple areas
geographically distant. Moreover, if that was the case (e. g., in Japan but also in Korea
and in some other regions of China), we should also observe a signal in the autosomes,
with long haplotype regions well differentiated between Asian and non-Asian
haplogroups and this has not been observed so far (Ramirez et al. 2009). Thus, it
seems unlikely than our observations were due to such introgression events although

we cannot formally discard it here.

In summary, the analysis of porcine Y-chromosome diversity performed by us
indicates that the most plausible explanation for the extensive sharing of one Y-
chromosome haplotype by Asian and non-Asian pig populations and the restricted
distribution of the second haplogroup (only found in Asia) involves the occurrence of
paternal gene flow from non-Asian to Asian wild populations. Further studies will be
needed to ascertain the causal factors that triggered this male-biased migration event

as well as the subsequent expansion of the non-Asian haplogroup in Asia.
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Titles and legends to figures

Figure 1. Graphic representation of the porcine Y-chromosome loci analyzed in the

current work.

Figure 2. Plots of the two demographic models (I and IM) used in the ABC analysis.
Extant populations (Asian and non-Asian) are represented by gray boxes, and the
ancestral population is represented in black. Time is depicted on the y-axis (the
present time is shown at the bottom of the figure). All parameters are reported in the

Materials and Methods section.

Figure 3. Matrix representing the observed haplotypes inferred from Y-chromosome
genotyping data. Each column represents a single SNP position. The number of
different haplotypes observed in each group or population is also indicated.
Haplotypes 1-6 and 11-17 belong to the Eurasian and Asian haplogroups, respectively.
The absolute frequency of each haplotype is indicated on the right side of the figure.
Dots indicate the presence of the same variant as the first sample on the top. O

indicates a complex pattern (indel). A question mark indicates unknown data.

Figure 4. Median-joining network of Y-chromosome haplotypes in (A) ten pig and
wild boar populations; and (B) domestic and wild pigs. The sizes of the circles are

proportional to the haplotype frequencies of each population.

Figure 5. A description of Y-chromosome variation. Mutations are classified as fixed
versus the outgroup (Spu:), exclusive to the Asian and non-Asian populations (Sy4si
and Sxpger), shared between the Asian and non-Asian populations (Ssuares) or fixed in
the non-Asian population but polymorphic in the Asian population (Spereasia). Gray
and black horizontal lines below the tree denote mutations belonging to the Eurasian

(gray) or Asian (black) haplogroups.

Figure 6. Priors and posterior densities of parameter estimates obtained in the ABC
analysis (IM model). The x-axis is plotted on a log scale (except for the Ty parameter).

Prior densities are plotted in black, and posterior densities are shown in red.
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Figure 7. Proposed model of the evolution of pig Y-chromosome variation. Pigs
emerged as a species in Southeast Asia and spread to south-central China and
subsequently to Europe. Recently, a migration event from non-Asian to Asian
populations occurred. Note that the figure is a simple representation of the model IM

and do not indicates the real distribution of the populations.



Table 1. Silent Nucleotide Variability and Patterns of Variation for each defined group

Nucleotide Variability

Patterns of Variability

Mistmach Distribution

Group nsam S e n Tajima's D Fu&Li's D Fay&Wu's H sdev  Skewness Kurtosis
EWB o) 1 0.00027  0.00027 NA NA NA NA NA NA
MEDLP 7 2 0.00014  0.00013 -0.710 1.441 -2.729 1.025 -1.079 -2.339
INTP 14 0 0.00000  0.00000 NA NA NA 0.000 NA NA
ANGLP 2 0 0.00000  0.00000 NA NA NA NA NA NA
AFWB 5 4 0.00143  0.00143 NA NA NA 4.216 -1.186 -2.893

AFP 5 16 0.00115  0.00137 1.875 1.848 0.209 10.892  -1.186 -2.893
NEWB 5 2 0.00022  0.00022 NA 0.850 -0.850 1.757 -1.186 -2.893
SCAP 2 0 0.00000  0.00000 NA NA NA NA NA NA
AWB 3 18 0.00218  0.00218 NA 0.763 -0.763 17.963  -2.449 NA
ALP 6 21 0.00164  0.00179 0.628 0.752 0.006 14.008  -1.115 -2.513
TOTAL 51 29 0.00098  0.00118 0.780 0.374 -1.191 9.420 -0.859 -1.832

EWB, European wild boar; MEDLP, Mediterranean local pig; INTP, commercial pig; ANGLP, Anglo-Saxon local pig; AFWB, African wild boar; AFP,
African pig; NEWB, Near-East wild boar; SCAP, South and Central American pig; AWB, Asian wild boar; ALP, Asian local pig. TOTAL, all samples
together as a single population. nsam, number of samples; S, number of polymorphic sites; 6, Watterson estimator; 7, nucleotide diversity; sdev, standard
deviation of Tajima’s 6 estimator; Skewness, third moment of Tajima’s 0 estimator; Kurtosis, fourth moment of Tajima’s 8 estimator. NA: non-available



Table 2. Silent Nucleotide Variability for Wild Boar and Local Pigs in Asia versus derived populations (Non-Asia)

Nucleotide Variability Patterns of Variability Mismatch Distribution Divergence”
nsam S e n Tajima's D Fu&Li'sD Fay&Wu's H sdev Skewness  Kurtosis K
Non-Asia® 19 6 0.00029 0.00030 0.228 0.781 -1.198 2.29 -1.009 -2.036 0.023
Asia 9 24 0.00138 0.00158 0.875 0.864 0.163 12.15 -1.044 -2.184 0.023

* The Non-Asian sample contains European wild boars (EWB), Mediterranean local pigs (MEDLP), Near-East wild boars (NEWB), African wild boars (AFWB)
and African pigs (AFP). The Asian sample contains Asian wild boars (AWB) and Asian local pigs (ALP).” The divergence of S. scrofa populations is calculated
regarding to B. Babyrussa. nsam, number of samples; S, number of polymorphic sites; 8, Watterson estimator; 7, nucleotide diversity; sdev, standard deviation of

Tajima’s 6 estimator; Skewness, third moment of Tajima’s 6 estimator; Kurtosis, fourth moment of Tajima’s 8 estimator. The number of silent positions analyzed
is 7561.



Table 3. Estimates of the demographic parameters of models.

Model Parameter Mode HPD 95
Model Ioq 6w Asia 3.00E-04 1.52E-04 - 3.42E-04
fnoa 6.70E-02 3.48E-03 1.14
Ts 5.73E-01 5.00E-01 1.29
fanc 4.35E+00 2.97E-01 10
To 447E+01 22.09 50
Model IM Ow Asia 9.00E-04 3.81E-04 - 9.23E-04
fnoa 3.59E-01 7.89E-02 1.63
M 1.19E+03 154.47 - 6002.91
Ts 1.52E+00 5.54E-01 - 4.64
fanc 3.40E-01 5.00E-02 - 4.85
To 1.56E+01 9.97 - 25.03

Ow Asia, Asian current population mutation parameter per nucleotide. fno4, a fraction of
the non-Asian current population size. M, unidirectional population migration from
the non-Asian to the Asian population. Ts, time of split between the Asian and the
non-Asian population. fanc, fraction of the ancestral population size. Ty, time of split
between the ancestral population of these populations and the outgroup. T, time of
the onset of migration is fixed to 1E-3. Times and population migration parameter

are given in N units.
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